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Abstract—Unmanned ariel vehicle (UAV) can provide supe-
rior flexibility and cost-efficiency for modern radar imaging
systems, which is an ideal platform for advanced remote sensing
applications using synthetic aperture radar (SAR) technology.
In this paper, an energy-efficient passive UAV radar imaging
system using illuminators of opportunity is first proposed and
investigated. Equipped with a SAR receiver, the UAV platform
passively reuses the backscattered signal of the target scene from
an external illuminator, such as SAR satellite, GNSS or ground-
based stationary commercial illuminators, and achieves bi-static
SAR imaging and data communication. The system can provide
instant accessibility to the radar image of the interested targets
with enhanced platform concealment, which is an essential tool
for stealth observation and scene monitoring. The mission concept
and system block diagram are first presented with justifications
on the advantages of the system. Then, the prospective imaging
performance and system feasibility are analyzed for the typical
illuminators based on signal and spatial resolution model. With
different illuminators, the proposed system can achieve distinct
imaging performance, which offers more alternatives for various
mission requirements. A set of mission performance evaluators is
established to quantitatively assess the capability of the system in
a comprehensive manner, including UAV navigation, passive SAR
imaging and communication. Finally, the validity of the proposed
performance evaluators are verified by numerical simulations.
Index Terms—synthetic aperture radar, unmanned ariel vehi-
cle, illuminators of opportunity, system concept, energy efficient.
I. INTRODUCTION
Synthetic aperture radar (SAR) is capable of high-resolution
imaging in all-day and all-weather environments [1]–[3],
which has been proven to be an indispensable sensor for
modern remote sensing applications, such as military recon-
naissance, flight navigation, disaster monitoring and geological
mapping, etc. In recent years, various aspects of SAR tech-
nology have been extensively studied, including bi/multi-static
SAR [4]–[6], interferometry and polarimetry measurement
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[7]–[9], data focusing methods [10], [11] and moving target
indication [12], [13]. Moreover, SAR sensors can be mounted
on different platforms in order to satisfy distinct remote sens-
ing and mission requirements, including spaceborne [14]–[16],
airborne [17], [18] and missile-borne [19]–[21] platforms.
Compared with other platforms, unmanned aerial vehicles
(UAVs) provide better mission safety and maneuverability with
less cost [22]–[24], which has been widely used in advanced
application scenarios [25]–[31]. The SAR systems mounted on
UAV platforms have been intensively studied in the current
literature, including system design [32]–[34], performance
analysis [35], [36], imaging methods [37], [38] and motion
compensation [39]–[41]. Instead of using its own illuminator,
a SAR radar can use an illuminator of opportunity, which is
not originally designed for SAR imaging purposes, forming
a passive SAR. Consequently, passive SAR allows for silent
operations, which can in turn enhance the system survivability
in military scenarios. Moreover, due to the lack of transmitter,
the system cost, weight and energy consumption can be greatly
reduced compared with the active SAR counterpart, which
is suitable for light-weight UAV platforms. In view of these
advantages, plenty of researches have been undertaken on
passive SAR imaging technology [42]–[45]. In [46], a passive
SAR system with airborne receiver using DVB-T illumination
was investigated. Signal processing techniques were discussed
and experiments were conducted to validate the system fea-
sibility. On the other hand, bistatic UAV SAR system using
external illuminator was investigated in [47], [48], where the
UAV platform passively received the backscattered signal form
a GEO-SAR illuminator. The system performance and path
planning were also analyzed in detail.
This paper proposes an energy-efficient passive UAV radar
imaging system using illuminators of opportunity, which com-
bines the UAV SAR and passive SAR technology. In this
paper, the system and mission concept are first put forward
with discussions on the application benefits. The system block
diagram is also given to specify the main component of the
UAV receiver. By passively receiving the signal of an external
illuminator, such as spaceborne SAR satellite, GNSS and
DVB-T illuminators, the UAV platform then sends the echo
data to a ground processing station after onboard preprocess-
ing and synchronization, where image formation and target
recognition are further accomplished. The prospective imaging
performance, feasibility and imaging method are analyzed
based on spatial geometry, signal and resolution modeling.
2It is found that different system performance can be achieved
by exploiting various types of illuminators. Then, the mission
performance of the passive UAV SAR system is analyzed
in detail. A set of mission performance is established to
quantitatively assess the performance of the system, which
comprehensively considers the three main aspects, i.e. UAV
navigation, SAR imaging and communication. The proposed
evaluator set offers the theoretical foundation for optimizing
the mission performance of the energy-efficient passive UAV
radar imaging system by dynamically adapting the adopted
UAV path in 3-D terrain environments, which will be our
future work.
The main contributions of this paper can be summarized as
follows.
• In this paper, an energy-efficient passive UAV SAR
system is put forward. The system concept, main com-
ponents and advantages are specified, which can serve
as a potential technical alternative for advanced remote
sensing applications and future SAR systems.
• The feasibility and characteristics of the passive UAV
SAR system with different illuminators are analyzed in
detail. By exploiting various types of illuminators, the
UAV platform can achieve the mission goal with different
imaging and beam coverage performance, which offers
more flexibility for mission planning.
• The mission performance of the system with respect to
UAV path in 3-D terrain environments are thoroughly
analyzed in detail, including navigation, radar imaging
and communication. The energy consumption model for
UAV in 3-D motion and the spatial resolution model for
target scene are derived for the first time in 3-D UAV
path planning.
• A set of mission performance evaluators is proposed to
quantitatively assess the overall capability of the system.
Numerical simulations are conducted to verify the validity
of the evaluator set, which lays the theoretical foundation
for mission planning of the system.
The rest of the paper is organized as follows. Section II
introduces the system and mission concepts, advantages and
block diagram of the proposed energy-efficient passive UAV
SAR system. Section III first presents the signal and spatial
resolution models based on imaging geometry. Then, the
prospective imaging performance and feasibility of the system
is analyzed in detail, along with comparisons of different
choices of illuminators. In Section IV, the mission performance
of the system is derived and the performance evaluator set is
established in detail, pertaining the navigation, SAR imaging
and communication aspects. In Section V, simulations are car-
ried out to verify the effectiveness of the mission performance
evaluator set. Finally, conclusions are drawn in Section VI.
II. PROPOSED ENERGY-EFFICIENT PASSIVE UAV SAR
SYSTEM
A. System and Mission Concept
The proposed energy-efficient passive UAV SAR utilizes
transmitters of opportunity to illuminate the target scene. The
potential illuminators can be flexibly chosen from satellite-
borne SAR (LEO-SAR and future GEO/MEO-SAR [15],
[16]), global navigation satellite system (GNSS) or ground-
based stationary commercial illuminators (e.g., FM radio and
DVB-T) according to their beam coverage and signal charac-
teristics. The UAV platform passively receives the echo signal
reflected from the target scene and achieves bistatic SAR
imaging at a ground-based processing station.
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Fig. 1. A typical scenario for energy-efficient passive UAV SAR system.
The typical working scenario of the system is illustrated in
Fig. 1. Without loss of generality, the interested target scene
to be imaged is supposed to be located in a 3-D rough terrain,
which is marked as red squares in Fig. 1. First of all, according
to the geometric location of the target scene, calculate the
beam coverage time and motion parameters of the illuminator
based on its orbit parameters (for ground-based stationary
illuminators, these parameters can be readily obtained). Then,
generate an optimal flight path using the digital elevation
model (DEM) information, which can safely guide the UAV to
travel through the 3-D terrain and achieve passive bistatic SAR
imaging and communication during the flight. The optimal
path is then loaded in the navigation system and the UAV is
deployed according to the time schedule and flight path. The
UAV platform travels from the start point to the end point
and collects echo from the target scene during a predefined
time window. Finally, after on-board signal preprocessing, the
echo data is transmitted to the ground-based processing station
for the accurate focusing and imaging of the interested target
scene.
Based on the above analysis, the proposed UAV SAR system
has the following advantages.
1) By exploiting various illuminators of opportunity, the
UAV SAR system can obtain different advantages contributed
by the specific illuminator. For instance, GEO/MEO SAR
can provide large beam coverage with long duration. The
LEO-SAR illuminator can provide large range and Doppler
bandwidths, which can achieve high-resolution imaging. The
signal transmitted by a SAR satellite is generally linear fre-
quency modulation (LFM) pulse and is suitable for coherent
focusing. On the other hand, the GNSS and ground-based
commercial illuminators are useful when frequent monitoring
or persistent surveillance is desired, due to their continuous
beam coverage. The illuminator can be chosen according to
the mission requirements.
32) The UAV platform and the illuminator form a bistatic
SAR. The imaging performance of the bistatic SAR system
is closely related to the observation geometry. Therefore, the
overall imaging and flight performance of the UAV SAR
system can be optimized by path planning.
3) The UAV platform passively receives the signal radiated
from the illuminator. Moreover, the ground processing station
can be located far away from the imaged region and the trans-
mitted power for communication is much lower than typical
signal power for SAR imaging. Therefore, the proposed UAV
SAR system can provide better stealth surveillance capability
compared with the traditional airborne SAR.
4) The system can be equipped with miniaturized and light-
weighted UAV platforms. Compared with a full-functional
SAR system, the SAR signal generator and transmitter can be
removed. Moreover, by moving the SAR imaging and target
recognition tasks to the ground processing station, the energy
consuming real-time signal processer is no longer needed in
the energy-efficient passive UAV SAR system.
B. System Block Diagram
Based on the main functions described above, the block
diagram of the proposed energy-efficient passive UAV SAR
system is shown in Fig. 2. The system mainly consists of three
functional modules, i.e. navigation, communication and SAR
processing subsystems, which collaborates with each other to
accomplish the radar imaging task.


Data
StorageReceivingAntenna
SignalReception 
andPreprocessing
Synchronization
Processing
Synchronization
Antenna
MissionandPath
Loader UAVAutopilot
AttitudeandMotion
Measurement
SignalGeneration,
CodingandTransmit
Communication
Antenna
Antenna
Controller
NavigationSubsystem
CommunicationSubsystem
SARProcessingSubsystem
Fig. 2. The proposed block diagram of energy-efficient passive UAV SAR
system.
a) Navigation Subsystem: The navigation subsystem gen-
erates pilot commands for the UAV platform according to the
predefined mission, UAV path, real-time attitude and motion
information.
In the mission and path loader, the mission parameters and
UAV path are installed ahead of deployment. The mission
parameters include the geometric locations of the target scene
and ground processing station as well as motion parameters
of the illuminator during data collection period. The loader
provides the data required by antenna controller to generate
beam pointing commands for antennas with different purposes.
The attitude and motion measurement parts contain high-
precision inertial navigation system (INS) and GPS to provide
the UAV motion information, which is essential for autopilot
and subsequent SAR imaging. Based on these information,
the UAV autopilot component generates the real-time pilot
commands for UAV flight control.
b) SAR Processing Subsystem: The SAR processing sub-
system receives direct synchronization signal and echo signal
reflected from the target scene. After synchronization and
signal preprocessing, the data are stored in data storage for
communication subsystem.
The proposed UAV SAR system is essentially a bi-static
SAR and synchronization between the transmitter and receiver
is required for coherent processing of SAR data. The UAV
platform is equipped with two pairs of antenna dedicated
to SAR processing, which correspond to two synchronous
receiving channels respectively, i.e. reference channel and
surveillance channel. For the reference channel, the beam of
synchronization antenna is pointed toward the illuminator to
record direct signal from the transmitter for synchronization
[49], [50]. On the other hand, the receiving antenna collects
echo data from the targets for observation of the interested
scene. The two channels use the same clocks and local
oscillators to guarantee the synchronization between them.
The signal reception contains a low-noise amplifier and a
down converter to bring the received signal to an appropriate
band for analog-to-digital sampling. The digital signal is then
aligned in a 2-D echo data matrix and range compression is
implemented using reference signal extracted from synchro-
nization processing to reduce data volume for transmission.
c) Communication Subsystem: The communication sub-
system is dedicated to transmit the echo data, synchronization
information and motion parameters to the ground processing
station. On-board SAR imaging processing is an energy and
time consuming task. In order to promote the processing speed,
high-performance signal processor is required, which takes up
considerable space of the UAV platform. Moreover, after SAR
imaging, target classification and recognition based on SAR
image are needed for information extraction, which in turn
requires more energy budget and space. For a miniaturized
and light-weighted UAV platform considered in this paper,
energy and space are limited resources and need careful
arrangement. Therefore, in the proposed UAV SAR system,
the echo data after preprocessing are transmitted to a ground
processing station where the following SAR imaging and
target recognition are finished. After signal generation and
coding, the data are modulated to a predefined carrier and
transmitted by the communication antenna, which is pointed
to the ground processing station.
III. IMAGING GEOMETRY AND FEASIBILITY ANALYSIS
A. Signal Model and Spatial Resolution
As mentioned in the above section, the UAV platform
receives the echo signal reflected from the target scene in a
specific time interval during the flight path. Let the center point
of the target scene be the reference target denoted by O. The
observation geometry of the UAV SAR system at beam center
crossing time of reference target is illustrated in Fig. 3.
Without loss of generality, a satellite-borne illuminator is
assumed in Fig. 3, which can be chosen from GNSS or SAR
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Fig. 3. Observation geometry of the proposed passive UAV SAR.
satellite. For a ground-based stationary illuminator, the motion
parameters can be set as constant with respect to time t, i.e.
VT (t) = 0 and RTP (t) = RTP . The shaded area represents
the interested target scene to be imaged and P (x, y) is an
arbitrary target located in the scene. VT (t) and VR(t) denote
the velocity of the illuminator and receiver, respectively, which
are time-variant. RTP (t) and RRP (t) are the instantaneous
slant ranges of the illuminator and receiver with respect to
target P , respectively. ϑT and ϑR represent the incidence
angles of the reference point. γ is the bi-static angle, which is
the angle between the ground projections of the lines of sight
from O to the transmitter and the receiver.
The range history of the passive UAV SAR for target P can
be expressed as
RPbi(t) = RTP (t) +RRP (t), (1)
where RTP (t) and RRP (t) represent the norm of RTP (t)
and RRP (t), respectively. Let S(τ) exp {j2πfcτ} denote the
transmitted signal of the illuminator, the echo collected by
receiving antenna after demodulation is given by
Srec(t, τ) = S(τ −
RPbi(t)
c
) exp
{
−j2πfc
RPbi(t)
c
}
, (2)
where t and τ denote the slow time and fast time variables,
respectively. c is the speed of light and fc is the carrier
frequency. On the other hand, the reference signal is extracted
from the direct signal by synchronization processing and then
used for range compression
SRcomp(t, τ) =
∫
Srec(t, u)S
∗
ref (t, τ − u)du, (3)
where S∗ref is the complex conjugate of reference signal. The
above range compression can be efficiently implemented in
range frequency domain by phase multiplication. The echo
data size is significantly reduced by range compression. After
that, the echo signal is coded and transmitted to the ground-
based station for further imaging processing. In this paper, the
back-projection algorithm (BPA) is applied for the accurate
focusing of passive UAV SAR data. BPA is a general imaging
method within high precision and high computational burden,
which can be used in different imaging geometries [19], [51].
BPA can be conveniently integrated with motion compensation
methods to deal with motion errors of the UAV platform.
Moreover, the processing station can provide enough comput-
ing, energy and space resources to implement BPA, which is
not available on UAV platform.
Spatial resolution is a crucial parameter characterizing an
imaging radar’s performance. For the proposed passive UAV
SAR system, the 2-D resolution can be determined by ground
range resolution ρgr , ground azimuth resolution ρ
g
a and reso-
lution direction angle αD . In order to accurately formulate
the spatial resolution, the traditional gradient method [52],
[53] is extended to the passive UAV SAR case, where the
temporal and spatial variances of the resolution are considered.
According to the gradient method, the range resolution is
originated from the bi-static time delay resolution. Therefore,
the gradient of time delay represents the range resolution of
the SAR system. Let τP (t) denote the bi-static time delay
of the echo signal of target P (x, y), the gradient of τP (t) can
then be formulated by partial derivatives of τP (t) with respect
to the spatial coordinates as follows
∇τP (t) =
∂τP (t)
∂x
i+
∂τP (t)
∂y
j +
∂τP (t)
∂z
k
=
1
c
[µTP (t) + µRP (t)] , (4)
where i, j and k are the unit vectors of spatial coordinates x,
y and z, respectively. µTP and µRP are the unit vectors in
the directions from target P to the transmitter and the receiver,
respectively.
The ground range resolution ρgr can then be written as
ρgr(x, y; t) =
krg
Br ‖P⊥τ ∇τP (t)‖
, (5)
where Br is the bandwidth and krg is related to the range
waveform of the transmitted signal. P⊥τ denotes the ground
projection matrix for time delay gradient. It can be observed
that the ground range resolution is influenced by the system
parameters as well as imaging geometry.
On the other hand, the azimuth resolution is derived from
the Doppler resolution. Let fP (t) be the Doppler frequency
of the echo signal for target P , its time-variant gradient can
be written as
∇fP (t) =
1
λ
[ωTP (t)ΓTP (t) + ωRP (t)ΓRP (t)] , (6)
where ωTP and ωRP are the instantaneous angular speed of
the transmitter and receiver, respectively, with respect to target
P . λ is the wavelength of the transmitted signal. ΓTP and
ΓRP denote the unit vectors in the directions of rotation of
the transmitter and the receiver, respectively, with respect to
target P .
Different from the traditional gradient method, the angular
speed and rotation direction in (6) are time-variant, which
is the case for the proposed passive UAV SAR system.
Therefore, the ground azimuth resolution should be formulated
by integrating the Doppler gradient within synthetic aperture
time Ta as follows
ρga(x, y; t) =
kaz∫ t+Ta/2
t−Ta/2
∥∥P⊥t ∇fP (t)∥∥ dt , (7)
5where kaz is related to the azimuth antenna pattern. P
⊥
t is the
ground projection matrix for Doppler gradient.
The ground resolution direction angle can then be deter-
mined by calculating the angle between the directions of ρgr
and ρga.
αD = cos
−1 (Ξ ·Θ) , (8)
where Ξ and Θ are the unit vectors in the resolution directions
of ρgr and ρ
g
a, respectively,
Ξ =
P⊥τ ∇τP (t)
‖P⊥τ ∇τP (t)‖
, Θ =
P⊥t ∇fP (t)∥∥P⊥t ∇fP (t)∥∥ . (9)
To comprehensively evaluate the spatial resolution, the
resolution area is introduced, which is the area of the -3dB
resolution cell
Sc =
ρgrρ
g
a
sinαD
. (10)
In actual application scenario of the proposed system, the
UAV platform is likely to follow a curved trajectory as
illustrated in Fig. 1 and the influence of time-variant motion
parameters on ρga is taken into consideration by the integration
within the synthetic aperture time. Moreover, from (4) to
(10), it can be concluded that the spatial resolution of passive
UAV SAR is related to the location of the target. Therefore,
the spatial variance of resolution should be considered to
accurately evaluate the imaging performance in the entire
target scene.
B. Imaging Performance and Feasibility Analysis
In this subsection, the prospective imaging performance of
the passive UAV SAR system with various types of illumina-
tors are analyzed, including spatial resolution and radiometric
performance.
a) Spatial resolution: Based on the above analysis, the
ground range resolution can be further simplified using the
geometric relations as follows
ρgr =
krgc
2Br cos
γ
2
cosϑ
, (11)
where ϑ is the ground projection angle of Ξ. It can be observed
that ρgr is bounded by the bandwidth and the finest ground
range resolution is given by krgc/2Br.
On the other hand, the ground azimuth resolution in (7)
needs to calculate the synthetic aperture time Ta, which is
determined by the system parameters, antenna dimensions
and imaging geometry. Let daz and del denote the receiving
antenna sizes of the UAV SAR in azimuth and elevation
directions, respectively. The relation between beamwidth and
antenna size can be written as
βaz =
λ
daz
, βel =
λ
del
. (12)
Then, Ta can be calculated as
Ta =
βazRRP
vR
, (13)
where RRP is the distance between the UAV platform and
target P , vR is the speed of UAV. Based on the synthetic
aperture time in (13), the ground azimuth resolution of an
arbitrary target can be determined by calculating the bi-static
rotation angle θbiP within Ta and (7) can be simplified as
ρga =
kazλ
θbiP cosφ
, (14)
where φ is the ground projection angle of Θ. (14) indicates
that a larger rotation angle within Ta can enhance the azimuth
resolution appreciably.
b) Radiometric performance: The radiometric performance
of a SAR system can be characterized by the noise equivalent
sigma zero (NESZ) [54], which is given by
NEσ0 =
(4π)2R2RP kT0F0Ls
ΦPDGRλ2ScTaDc
, (15)
where Dc is the duty cycle, T0 noise temperature, F0 receiver
noise factor and Ls the propagation losses. ΦPD is the power
density of the illuminator given by
ΦPD =
PTGT
4πR2TP
. (16)
GR is the antenna gain of the receiver as follows, which
depends on the physical area of the antenna Ap and efficiency
coefficient ηe
GR =
4πηeAp
λ2
. (17)
It can be concluded that NESZ is inversely proportional to the
focused SNR of the SAR image and a lower NESZ implies
better radiometric sensitivity of the system.
c) Illuminator comparison and feasibility analysis: Based
on the above analysis, the imaging performance of the passive
UAV SAR system is significantly influenced by the signal
and power characteristics of the illuminator, e.g., Br, Dc, λ
and ΦPD . Therefore, the potential imaging performance with
different illuminators is quantitatively analyzed and compared
based on their corresponding system parameters to assess the
feasibility of the proposed system.
The size requirement simulated for the receiving antenna
is set as 0.5m in elevation direction and 1.2m in azimuth
with rectangular shape, which is practical for general fixed-
wing UAV platform. The simulated distance between UAV
and target P is set as 3km, i.e. RRP = 3km. The speed of
UAV platform is vR = 50m/s and the resulting angular speed
is 16.7mrad/s in side-looking mode. The noise temperature
T0 is set as 300K, the propagation losses Ls = 3.5dB and
receiver noise factor F0 = 4dB. On the other hand, the
system parameters of the illuminators being considered for
the proposed system is given in Table I.
It can be observed that the illuminators considered for the
passive UAV SAR system can be roughly categorized as space-
borne SAR illuminators and other illuminators of opportunity.
The space-borne SAR illuminator includes the LEO-SAR
satellites and future MEO/GEO SAR systems, which are ded-
icated to monostatic/bi-static SAR imaging. SAR illuminators
transmit pulsed LFM signal, which can provide large band-
width and high compression ratio for high-resolution imaging.
The power density of SAR illuminators is generally higher
than those of other illuminators of opportunity, which benefits
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☎45 incidence angle assumed. 
 
Illuminator Type Frequency (
c
f ) Bandwidth (
r
B ) Duty Cycle (
c
D ) Power Density (
PD
✁ ) Signal Type Angular Speed
✂
(
TP
✄ ) 
DVB-T 750MHz 6MHz 1 -71dBW/m
2
 
Continuous Wave 
OFDM Coding 
0 
GNSS (Galileo) 1.19GHz 20MHz 1 -127dBW/m
2
 
Continuous Wave 
CDMA Coding 
0.11mrad/s 
LEO-SAR 
(TerraSAR-X) 
9.65GHz 300MHz 0.1 -49.6dBW/m
2
 Pulsed LFM 10.4mrad/s 
MEO-SAR 5.4GHz 87MHz 0.08 -64.5dBW/m
2
 Pulsed LFM 0.68mrad/s 
GEO-SAR 1.25GHz 100MHz 0.07 -74.3dBW/m
2
 Pulsed LFM 0.06mrad/s 
the focused SNR and radiometric performance of the UAV
SAR. For the illuminators of opportunity, DVB-T and GNSS
systems are considered, which adopt continuous wave coding
signal. Originally designed for navigation and communication
purposes, these systems generally provide smaller bandwidth
than that of SAR illuminator, which limits the achievable
spatial resolution [42], [43]. Another problem is that the
coded format will disturb the phase of the azimuth signal
and deteriorate compression performance, which coarsen the
azimuth resolution.
For the DVB-T illuminator, the finest achievable ground
range resolution is 25m with 6MHz bandwidth, where krg = 1
is assumed. As DVB-T transmitter is stationary, the azimuth
resolution is contributed solely by the UAV receiver, of which
the upper bound is approximately 1.2m. Owing to the low
carrier frequency, the azimuth beamwidth is the largest among
the illuminators with the same daz and the estimated synthetic
aperture time is 20s. Moreover, the receiving antenna gain is
approximately 13.7dB, using the assumed antenna size and
efficiency coefficient ηe = 0.5. Therefore, the NESZ of the
UAV SAR system with DVB-T illuminator is -67.3dB. For the
GNSS illuminator, the largest bandwidth available is 20MHz
using the Galileo E5 signal, which provides finest ρgr of 7.5m.
Inspecting Table I, the angular speed of GNSS satellite is much
smaller compared with that of UAV platform and the azimuth
resolution is mainly contributed by the receiver. Therefore, the
azimuth resolution of UAV SAR is 1.19m, which is similar to
that of DVB-T illuminator. However, due to the comparatively
low power density of the transmitted signal of GNSS system,
the NESZ of the UAV SAR system with GNSS illuminator
is -4.1dB in 12.6s synthetic aperture time, which can not
ensure a high enough focused SNR in the final SAR image.
Methods to enhance the received signal power and radiometric
performance of passive SAR using GNSS illuminator have
been studied [55], [56], e.g., increasing the accumulation
time Ta and combining the signal energy of multiple GNSS
satellites which simultaneously illuminate the same area.
On the other hand, the satellite SAR illuminators can pro-
vide finer spatial resolution compared with other illuminators.
In Table I, the TerraSAR-X satellite is assumed for LEO-
SAR, of which the orbit altitude is 514km [14]. According
to the current literature, the orbit altitude of MEO-SAR is
set as 5,952km and high inclination GEO-SAR is considered
in the simulation [15], [16]. The finest ρgr are 0.5m, 1.72m
and 1.5m and the ground azimuth resolution ρga are 0.73m,
1.15m and 1.19m for the simulated LEO-SAR, MEO-SAR and
GEO-SAR illuminator, respectively. The NESZ of the system
with LEO-SAR illuminator is -48.5dB, -42.3dB for MEO-SAR
illuminator and -38dB for GEO-SAR illuminator, which are
much lower than -22dB to ensure a satisfactory radiometric
performance for the passive UAV SAR system [54].
It can be concluded from the above analysis that SAR
satellites can generally provide better spatial resolution and
radiometric performance, which are promising illuminator for
UAV receiver. Among the SAR illuminators, the LEO-SAR
can provide the best imaging performance. However, due to the
low altitude and high speed of LEO-SAR, the beam coverage
performance is compromised and spatial synchronization is
more difficult. In contrast, MEO/GEO SAR offers different
trade-off solutions between imaging performance and beam
coverage. For instance, GEO-SAR can provide wide-swath
continuous beam coverage up to 6 hours for a specific target
scene for hot spot monitoring applications. On the other hand,
due to the ubiquitous signal coverage, DVB-T and GNSS
illuminators can provide better accessibility compared with
SAR satellite, which is valuable for emergency response and
continuous observation.
IV. MISSION PERFORMANCE EVALUATOR
The potential imaging performance of the passive UAV
SAR system is analyzed based on the parameters of the
illuminator and UAV platform in the above section. For a
specific UAV SAR imaging task, the mission design process
can be briefly divided into the following procedures. Firstly,
the desired imaging performance is determined according to
the mission requirements, e.g., spatial resolution, focused SNR
and imaging swath. Then, choose a suitable illuminator that
can satisfy the mission requirements and identify its orbit,
motion and beam coverage parameters. For instance, if the
mission requires high-resolution imaging for the interested
scene with 2m × 2m resolution and SNR higher than 20dB,
a SAR illuminator can be considered. On the other hand,
a GNSS or DVB-T illuminator should be utilized if the
interested scene needs to be revisited multiple times within
a few hours for multi-pass interferometry and deformation
measurement. After the illuminator selection, the geometric
7locations of the start point, end point and ground processing
station are determined considering their relative positions with
respect to the interested target scene. Finally, generate the
optimal path and deploy the UAV to accomplish the flight
mission.
Among the mission design procedures, the most important
is the optimal path planning for UAV SAR. It can be inferred
from Fig. 1 that the flight safety and relative positions of
the UAV with the target scene and ground processing station
are dependent on the UAV path, which determines the overall
mission performance of the system, including UAV navigation,
imaging and communication performance. In this section, the
above mission performance are analyzed and formulated with
respect to UAV path in detail, which is the foundation for op-
timal path planning. In the following analysis, the continuous
UAV path is modeled as a series of discrete path segments
with Ndp discrete points denoted as (P1, · · · , Pi, · · · , PNdp).
The 3-D terrain is also discretized into Ng terrain mesh grid
points for ease of analysis.
A. UAV Navigation and Flight Performance
UAV navigation and flight performance are the first to be
considered for UAV path planning. Current literature [47],
[57], [58] generally adopts path length and threat value to
represent the navigation performance [59]. A smaller path
length is desired to shorten the overall flight time of UAV
platform, which reduce the exposure of UAV to potential air-
defense radar and possibility of being detected. The distance
between the UAV platform and restricted area (or terrain
mesh grid points in 3-D terrain cases) is generally utilized
to represent the threat value, which is minimized to guarantee
the safety of UAV.
In this paper, energy consumption of UAV path in 3-D
motion is derived to represent the flight performance instead
of path length. In practice, the voyage range of UAV platform
is usually limited by the onboard fuel capacity. Lengthen
the flight path will inevitably increase energy consumption.
However, maneuvering and climbing in the UAV path will
bring additional energy consumption, which is not considered
in path length. For instance, for two UAV paths with the
same path length and threat value, the ’smoother’ one with
less abrupt maneuvers and climbing is preferred. Therefore,
the energy consumption of UAV path is a more practical
and comprehensive evaluator for UAV navigation and flight
performance.
For the proposed passive UAV SAR system, the total energy
consumption includes the following three parts.
(1) UAV flight control, i.e., the propulsion energy needed
for the UAV to travel from the start point to the end point with
necessary mobility.
(2) SAR signal processing, i.e., the energy for SAR pro-
cessing subsystem, including synchronization, preprocessing
of SAR echo and corresponding antenna control and data
storage.
(3) Data communication, i.e., the energy required for pro-
cessing and transmitting the SAR and synchronization data to
the ground processing station.
Note that in practice, the energy consumption of communi-
cation and SAR processing subsystems are much smaller than
that of UAV flight control. Therefore, the power budgets of
the two subsystems can be treated as constant, which is pre-
allocated. On the other hand, the energy consumption of UAV
flight control is the main part and is dependent on the adopted
flight path, which should be analyzed in detail.
In this paper, the UAV platform is assumed to be flying
in a 3-D terrain environment, which may require turning,
climbing and descending. The propulsion force of fixed-wing
UAV engaged in 3-D motion is analyzed in Appendix A, which
is the foundation for energy consumption analysis of UAV
path. For an arbitrary UAV flight path d(t), the velocity ~v and
acceleration ~a at any time instant t can be obtained by taking
first and second order derivatives of d(t) with respect to t.
Therefore, the centrifugal acceleration a⊥ and flight-direction
acceleration a‖ in Appendix A can be represented as
a⊥ =
√
‖~a‖
2
−
(
~aT~v
‖~v‖
)2
, a‖ =
~aT~v
‖~v‖
. (18)
According to Appendix A, the instantaneous power required
for banked level turn and climbing can be calculated by
multiplying the thrust in (A.7) and speed ~v, which is given
by
PUAV = |F |~v =
∣∣Pdrag +mg sin γ ‖~v‖+m~aT~v∣∣ , (19)
where Pdrag is the power needed to overcome drag.
Pdrag = c1‖~v‖
3
+
c2
‖~v‖

 v2a
‖~v‖
2
+
‖~a‖
2
−
(
~aT~v
‖~v‖
)2
g2

 . (20)
In this paper, the UAV path is discretized as Ndp way
points jointly denoted as d(i), i = 1, 2, · · · , Ndp. The total
energy consumption of an arbitrary UAV flight path d(i) can
be approximated by the sum of energy consumption during
each discrete path segment.
E (d(i)) =
Ndp−1∑
i=1
(Pdrag(i)T (i) +mg [h(Pi+1)− h(Pi)])
+
Ndp−1∑
i=1
(
1
2
m
[
‖v(Pi+1)‖
2
− ‖v(Pi)‖
2
])
, (21)
where h(Pi) is the UAV height at Pi and T (i) is the time
required for UAV to travel from Pi to Pi+1. The first term
in (21) represents the energy consumption to overcome drag
force, which is dependent on the velocity and centrifugal
acceleration of the UAV during the flight. Moreover, compared
with the conclusion in [60], Pdrag is also influenced by
the ratio of horizontal speed to actual UAV speed va/ ‖~v‖,
which is incurred by the climbing angle γ in 3-D flight path
scenario. If the UAV is engaged in level flight without vertical
motion, i.e. γ = 0, we have va/ ‖~v‖ = 1 and the energy
consumption expression required to overcome drag is the same
as that in [60]. The second term is the gravitational potential
energy, denoted as ∆Ep, which is determined by the UAV
mass and change of height during a specific time period. For
8each discrete path segment, ∆Ep depends on the initial and
final height h(Pi) and h(Pi+1). The third term represents the
kinetic energy, which is determined by the flight speed of UAV
at initial and final positions.
Based on the above analysis, it can be concluded that a
UAV path with ascending and speeding trajectory generally
consumes more energy than a uniform speed and level flight
path. Moreover, the total energy consumption is highly depen-
dent on the adopted UAV path, which offers the opportunity of
optimizing the energy consumption performance and achieving
energy-efficient flight mission by optimizing UAV path.
In addition to the energy consumption performance, safety
navigation of the flight path for passive UAV SAR should
be considered in 3-D terrain scenario path planning. In this
paper, we adopt the threat value in [47] to represent the safety
performance of a flight path, which is given by
fthreat (d(i)) =
Ndp∑
i=1
Ngj∑
j=1
(rsafe/ri,j)
2
, (22)
where rsafe is the minimum safe distance between UAV and
terrain boundary, which should be set larger than the physical
size of the UAV and terrain topology error to ensure safety of
the UAV. ri,j is the distance between Pi and the jth terrain
mesh point. Ngi is the number of discrete terrain points
engaged in the calculation of the threat value of Pi. Please
refer to [47] for detailed calculation of Ngi. On the other hand,
the path should be subject to two constraints regarding UAV
navigation performance. Firstly, the number of discrete way
points below the terrain mesh point, denoted as Nc1, should
be zero to avoid collision. Secondly, the turning angle between
adjacent path segments should be no larger than a predefined
allowable angle θmax considering the actual maneuverability
of the UAV platform.
B. Passive UAV SAR Imaging Performance
Passive SAR imaging is a crucial part of mission perfor-
mance evaluator. Different from [47] where spatial resolution
of the scene center is the only imaging performance evaluator,
in this paper, imaging swath width, spatial resolution and
data size are considered to comprehensively evaluate the
performance of the proposed passive UAV SAR system in
practical applications.
For a passive UAV SAR mission, the desired imaging swath
width is determined by the mission requirement and interested
target type to be observed, e.g., vehicle, building and farmland.
In Fig. 4, the azimuth swath width, denoted as Wa, can be
obtained by adjusting the length of signal collecting window
onboard the UAV platform. However, the range beam coverage
depends on the wavelength, antenna size and receiver slant
range given by
WCovr = RRPβel =
λRRP
del
. (23)
Range beam coverageWCovr should be larger than the desired
range swath width Wr to ensure the echo of the interested
target scene are completely collected, i.e., WCovr ≥ Wr. It
should be noted that WCovr is determined by the flight path of

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Fig. 4. Illustration of imaging swath and spatial resolution for target scene.
the UAV. Enough distance between the UAV and target scene
should be maintained to achieve the desired range swath width.
According to Section III, the spatial resolution of the passive
UAV SAR system changes with geometric location of the
targets. The resolution cell area of the reference target can
not fully represent the resolution performance of the entire
target scene. Therefore, a modified resolution evaluator is
proposed based on Sc, where the spatial variance of resolution
is considered.
Firstly, the interested target scene with swath size Wr×Wa
is discretized and Ns point targets are sampled from target
scene, which are marked as red dots in Fig. 4. The Ns sampled
target points are evenly distributed in the imaging scene with
constant distance between adjacent targets both in azimuth
and range directions. It can be inferred from (4) to (10) that
the resolution cell area Sc is continuously changing with the
target position. Therefore, each sampled point can represent
the resolution performance of the targets in its vicinity without
significant degradation. Then, the resolution cell area of the
sampled points are calculated and the modified resolution
evaluator can be formulated as
S¯c (d(i)) =
Smaxc
Sminc
·
1
Ns
Ns∑
j=1
Sjc , (24)
where Sjc is the Sc of the jth sampled point. S
max
c and S
min
c
are the maximum and minimum Sc among the Ns sampled
points, respectively. In (24), the first part is disequilibrium
factor, i.e. the ratio of Smaxc to S
min
c , which represents
the uniformity of the distribution of resolution performance.
Larger disequilibrium factor indicates greater spatial variance
of resolution performance. In practice, a uniform distribution
of resolution, i.e., Smaxc /S
min
c = 1, within the imaging scene is
generally desired to avoid image distortion and facilitate target
recognition [61]. The second part is the mean resolution cell
area of the target scene. It should be noted that the calculation
of S¯c involves the motion parameters of the UAV, which
depends on the adopted flight path. Therefore, the imaging
performance should be considered in the path planning for
passive UAV SAR.
On the other hand, the number of sampled target points
Ns is directly related to the accuracy of S¯c. Larger Ns can
9improve the precision of resolution evaluation at the cost of
higher computational burden. Thus, a suitable Ns should be
selected during path planning.
As mentioned in Section II, the echo and synchronization
data are transmitted to the ground processing station for
further imaging and target recognition. The synchronization
data involves the 3-D positions of the illuminator and UAV
platform during signal collecting window and time/frequency
synchronization information, which is far less than echo data
and are arguably neglected in the following analysis.
For a SAR system, the received signal after digitization is
stored in a 2-D echo data matrix. The size of echo matrix to be
transmitted by the communication subsystem can be calculated
using the scene size and system parameters. The azimuth
data size corresponds to the number of pulses received within
the signal collecting window. Based on the beam coverage
geometry in Fig. 4, the size of echo data matrix in azimuth
direction can be represented as
Na = (Wa/v + Ta) · PRF, (25)
where PRF is the pulse repetition frequency. In (25), Na is
the sum of two components. Wa/v is the time needed for
UAV beam footprint to travel through the interested target
scene. The second term Ta is the total time required for beam
footprint to enter and exit the scene.
The range data size, on the other hand, can be calculated by
the bi-static slant range variation ∆Rbi within Wr as follows
Nr = (∆Rbi/c+ Tr) · Srate, (26)
where Tr is the pulse width and Srate is range sampling rate.
∆Rbi is determined by the difference between the maximum
and minimum bi-static slant ranges corresponding to ground
swath size of Wa ×Wr. After signal collection, range pulse
compression is implemented before transmission to concen-
trate the energy of the pulse and achieve range focusing.
Therefore, the range data size is reduced to Nr = ∆Rbi/c ·
Srate, which alleviates the burden of communication subsys-
tem. It should be noted that each element in the data matrix is
a complex number, which contains real and imaginary parts in
double type. As a result, the total size of the echo data matrix
to be transmitted isDecho (d(i)) = 128Na·Nr in bits. The data
size should be jointly considered with communication capacity
of the UAV flight path to ensure complete transmission of echo
data, which will be analyzed in the next subsection.
Last but not least, the data collection should not be ob-
structed by terrain. Thus, a constraint regarding imaging
performance is introduced, i.e., the line of sight from UAV
platform to the target scene should be above the discrete terrain
points.
C. Communication Performance with Ground Station
After echo collection and preprocessing, the data are
transmitted to a ground-based processing station located at
GS(xg, yg, zg). Suppose the communication link between
UAV platform and ground station is line-of-sight link and
Doppler effects due to UAV motion has been compensated.
For the discrete UAV flight path d(i), the resulting channel
can be expressed as a free-space path loss model as follows
h (d(i)) =
β0
l2(i)
, (27)
where β0 is the channel power at reference distance. l(i) =
‖Pi −GS‖ is the distance between the UAV and ground sta-
tion at the ith discrete way point. Based on the channel model,
the instantaneous channel capacity at Pi can be formulated as
C (d(i)) = Bcom · log2
(
1 +
Pcomh (d(i))
σ2
)
= Bcom · log2
(
1 +
Pcomβ0
σ2l2(i)
)
bit/second, (28)
where Bcom is the communication bandwidth. σ is the re-
ceiver Gaussian white noise power and Pcom denotes the
transmission power assumed to be constant during the path.
The scaling factor β0Pcom/σ
2 is the receiving signal to noise
ratio at a reference distance, which is determined by the
system parameters. It can be observed from (28) that the
channel capacity is inversely proportional to the logarithm
of the distance l(i). Therefore, a flight path with a shorter
distance to the ground station during data transmission can
promote the channel capacity.
Let istartcom and i
end
com denote the start and end indices of
discrete path point in d(i) corresponding to data transmission.
The total amount of data bits being transmitted from the UAV
to the ground station can be expressed as
Dcom (d(i)) =
iendcom∑
i=istartcom
T (i) ·Bcomlog2
(
1 +
Pcomβ0
σ2l2(i)
)
.
(29)
The UAV path should satisfy two constraints regarding
communication performance. Firstly, line of sight link should
be guaranteed between the UAV platform and ground station to
fully exploit the channel capacity. Let Nc4 denote the number
of discrete points in the line of sight direction that is below the
discrete terrain point. Nc4 should be equal to zero to ensure
no degradation of communication performance. On the other
hand, the total amount of transmitted data Dcom (d(i)) during
the flight should be larger than the data size of echo signal
Decho (d(i)), (i.e., Dcom (d(i)) ≥ Decho (d(i))), to make sure
all the data are transmitted to the ground station.
In summary, the mission performance evaluators and con-
straints for the proposed passive UAV SAR system with a
specific flight path d(i) is summarized in Table II.
V. SIMULATION ANALYSIS AND PERFORMANCE
VERIFICATION
In Section III, the passive UAV SAR system with different
types of illuminators is analyzed in detail. The choice of
illuminator determines the potential performance that can be
achieved by the system. As analyzed in Section IV, the adopted
UAV path is another crucial factor influencing the actual
system performance, which should be considered in mission
planning. Therefore, the mission performance in Table II and
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TABLE II
SUMMARY OF MISSION PERFORMANCE EVALUATORS FOR PASSIVE UAV SAR SYSTEM.
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( )
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E d i 
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D d i 
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c
N  
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Fig. 5. Simulated scenario of passive UAV SAR system.
their characteristics are analyzed and verified by numerical
simulations in this section.
The simulated working scenario of the passive UAV SAR
system is illustrated in Fig. 5. A 3-D terrain with different
elevations is generated within 20km extent both in x and y
directions. The terrain contains the ’flat ground’ with 500m
altitude and two elevated areas in circular shape, one of which
is located at (7, 7)km with 2km radius and 1.4km altitude
and the other is located at (18, 10)km with 1km radius and
700m altitude. The interested target scene to be observed is
located at (12, 16)km on the ’flat ground’, which is marked
by blue squares. The ground processing station is located at
(18, 10, 0.72)km. In order to facilitate the analysis of mission
performance, the coordinates of the start point and end point of
the UAV paths are set as (3, 3.5, 1.5)km and (15, 15.6, 1.5)km,
respectively.
Four potential UAV paths are generated for performance
evaluation. Path 1 and path 2 are horizontal arcs connecting
the start point and the end point with different radii. Path 4 is
straight line path, which is also the chord of path 1 and path
2. The maximum horizontal distance is 4.01km between path
1 and path 4, and 6.16km between path 2 and path 4. As the
heights of the start point and end point are the same, path 1,
path 2 and path 4 are level flight without vertical motion. In
order to evaluate the energy consumption of UAV with 3-D
motion, path 3 is modeled as a vertical arc with maximum
height difference of 400m compared with path 4. Path 3 and
path 4 have the same ground projection on xy plane.
TABLE III
SIMULATED PARAMETERS OF PASSIVE UAV SAR SYSTEM.
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
Assume that the observation mission requires 2m × 2m
spatial resolution within 1km swath width. According to the
analysis in Section III, the SAR illuminators can achieve
the required imaging performance, including LEO, MEO and
GEO-SAR satellites. Based on the parameter settings, the
minimum distance of the potential path is 17.04km, which
corresponds to 341 seconds flight time. In order to facilitate the
signal synchronization between the illuminator and the UAV
receiver, a longer beam coverage time of the illuminator is
desired to guarantee the signal accessibility during the flight.
Therefore, in the following simulation, a GEO-SAR satellite is
considered as the illuminator for the passive UAV SAR system.
The simulation parameters of the passive UAV SAR system
are given in Table. III. 25 sample point targets are chosen
to evaluate the spatial resolution of a path, which are evenly
distributed in the 1km imaging swath described in Section
IV. It should be noted that the SAR signal collecting window
is centered at the mid-point of each path, which is also the
starting position of communication with ground station.
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MISSION PERFORMANCE OF THE SIMULATED PATHS.
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The mission performance of the four paths in the simulated
scenario is illustrated in Table IV, where path length is also
listed for comparison. The mission performance of the four
UAV paths in the simulated scenario is analyzed and verified
in three aspects in the following.
UAV navigation: The navigation performance of a UAV
path is mainly composed of energy consumption, terrain threat
and path length, which is generally considered in the current
literature. It can be observed from Table IV that the straight-
line path, i.e., path 4, presents the shortest path length while
path 2 is the longest with 22.45km. The path length increases
when the UAV makes a further detour during the flight, which
can be inferred from Fig. 5. When the UAV platform is en-
gaged in steady level flight with no vertical motion, i.e., path 4,
path 1 and path 2, the energy consumption, E, approximately
linearly increases with path length, which means the energy
consumption can represent the length performance of a path.
However, although the lengths of path 3 is only 0.03km longer
than that of path 4, the energy consumption is significantly
larger due to the climbing motion of UAV platform. Therefore,
climbing will introduce additional energy consumption and
should be considered in mission planning for the passive UAV
SAR system. On the other hand, the threat value, fthreat, is
calculated using the distance between the discrete path points
and their surrounding terrain points. It can be observed that
path 4 has the largest threat value, which directly traverses
the elevated area and parts of the path is close to the terrain
obstacles in Fig. 5. Path 1 and path 2 make different detours in
horizontal direction to avoid the elevated area and significantly
reduce the threat value, which is preferable for safe navigation.
For path 3, although it still flies through the elevation, the path
keeps a safe distance with the terrain obstacles and achieves
a satisfactory threat value by increasing the flight altitude.
Therefore, it can be concluded from the above analysis that a
’smoother’ path with less maneuvers in elevation direction is
desired for energy-efficient UAV SAR mission. Moreover, the
path should keep enough distance from the terrain obstacles
to guarantee the safe navigation for UAV platform.
Passive SAR imaging: From Table IV, path 1 and path 2
can provide better imaging performance compared with path
3 and path 4. In order to analyze and verify the imaging
performance, SAR raw-data simulations are conducted in this
section for each UAV path listed in Table IV. 25 ideal point
targets are evenly distributed in the 1km×1km imaging scene
for performance evaluation, which correspond to the sampled
targets engaged in the calculation of S¯c. From Figs. 6 to 9, the
imaging results of passive UAV SAR raw data processed by
BPA are illustrated with respect to the paths. For each path,
the imaging result of the 25 point targets in the whole scene
is shown on the left, with zoomed in view of the selected
targets on the right. The selected targets include the reference
point ’Ref.’ and the targets with minimum and maximum Sc,
denoted as ’Min.’ and ’Max.’, respectively. The coordinates
of the selected targets are given and the contours of the
imaging results are plotted within 16m×12m ground xy plane.
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Fig. 6. Imaging result of path 1.
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It can be observed from Figs. 6 to 9 that the spatial resolu-
tion is varied with respect to target coordinates. The positions
of targets with maximum and minimum Sc are different among
the imaging results of the four simulated paths. Therefore,
it can be concluded that resolution and its spatial variance
are dependent on the bi-static observation geometry, which is
determined by the adopted paths. Moreover, from Figs. 6 to 9,
path 3 and path 4 are inferior to path 1 and path 2 regarding
spatial resolution performance, with larger impulse response
areas in the contour plots of the selected targets. The 3dB
impulse response widths (IRW) of the selected point targets
are measured according to the imaging results, which is shown
in Table V. The measured Sc is calculated by (10) using the
azimuth and range IRW and resolution direction angle αD
in Table V. The measured Scs are close to the theoretical
values, which verifies the derivations in Subsection III-A. The
spatial resolutions achieved by path 1 and path 2 are finer
than 2m× 2m in the 1km× 1km imaging scene, which can
satisfy the mission requirements. However, for path 3 and path
4, the azimuth IRWs of the selected targets exceed 2m and
the resulting Sc is significantly coarsened. On the other hand,
the disequilibrium factors, Smaxc /S
min
c , of path 1 and path
2 are 1.20 and 1.12, respectively, which are much smaller
compared with path 3 (1.60) and path 4 (1.60). Therefore, the
spatial variances of resolution for path 1 and path 2 are less
significant than those of path 3 and path 4, which provides
more consistent imaging performance for targets in the whole
scene.
TABLE V
MEASURED IMAGING METRICS OF THE SELECTED TARGETS.
,PDJLQJSHUIRUPDQFH 3DWK 3DWK 3DWK 3DWK
5HI
,5:5P    
,5:$P    
DD  q     
0HDVXUHG cS P    
     refcS  P    
0D[ 
,5:5P    
,5:$P    
DD  q     
0HDVXUHG cS P    
PD[
cS P    
0LQ
,5:5P    
,5:$P    
DD  q     
0HDVXUHG cS P    
PLQ
cS P    
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Communication: Inspecting Table IV, all of the four paths
can completely transmit the echo data to the ground processing
station, which satisfy the mission data requirement constraint
in Table II. However, path 1 and path 2 can provide better
communication performance with higher data transmission
capacity compared with path 3 and path 4. The abundance of
communication capacity enables more mission opportunities
during the flight, such as synchronization data transmission,
online flight control, additional observation task and data re-
transmission. As analyzed in Subsection IV-C, shorter distance
between the UAV platform and ground station can enhance the
communication performance. It can be observed from Fig. 5
that the detours of path 1 and path 2 have shorten the distance
between the path and the ground station, which verifies the
superiority of communication performance evidenced in Table
II.
Based on the above analysis, path 1 can provide a better
overall mission performance, with satisfactory imaging per-
formance, energy efficiency and safety. Path 2, on the other
hand, can achieve even better imaging and communication
performance at the cost of longer path and more energy
consumption. Both paths can be adopted to accomplish the
simulated passive UAV SAR mission.
VI. CONCLUSION AND FUTURE WORK
In this paper, an energy-efficient passive UAV SAR system
using illuminators of opportunity is put forward. During the
flight mission, the UAV platform passively receives the echo of
the illuminator and transmit the data to a ground station after
onboard preprocessing, where imaging processing and further
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target recognition are accomplished. The system concept and
block diagram are firstly analyzed, which is composed of
three subsystems, i.e., the navigation, communication and
SAR processing subsystems. The spatial resolution of the
system is then analyzed based on imaging geometry and
extended gradient method. Then, the imaging performance and
feasibility of the system with different kinds of illuminators
are analyzed and compared, including spatial resolution and
radiometric performance. It is found that the flight path of
the UAV platform is a crucial factor influencing the mission
performance of the whole system. In order to comprehen-
sively evaluate the performance of the proposed system, the
relationship between the UAV path and mission performance
are analyzed thoroughly and the corresponding evaluators are
put forward. Finally, the mission performance evaluators are
analyzed and verified by numerical simulations in a 3-D
terrain environment, which can accurately represent the system
performance and lays the theoretical foundation for mission
planning.
The proposed evaluator set quantitatively establishes the
relationship between the mission performance and adopted
UAV path in 3-D terrain environments. Based on the evaluator
set, the mission planning for the energy-efficient UAV radar
imaging system aiming at generating a flight plan that can
safely guide the UAV platform to travel through the 3-D
terrain and achieve optimized imaging and communication
performance during the flight will be our future work.
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